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Abstract 
This paper presents a continuation of studies into silicate anion structure using X-ray photoelectron 
spectroscopy (XPS). A series of C-S-H samples have been prepared mechanochemically, and then 
stored under ambient conditions for six months. Storage led to surface carbonation, the extent of 
which was dependent upon the calcium/silicon ratio of the fresh sample. Carbonation arose through 
decalcification of the C-S-H, leading to increased silicate polymerisation. The surfaces of the most 
calcium-rich phases (C/S = 1.33 and 1.50) underwent complete decalcification to yield silica 
(possibly containing some silanol groups) and calcium carbonate. Carbonation, and hence changes 
in silicate anion structure, was minimal for the C-S-H phases with C/S = 0.67 and 0.75. 
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1. Introduction 
X-ray photoelectron spectroscopy (XPS) is a well-established technique for investigations of 
surface structure, and the technique has been thoroughly reviewed elsewhere [1]. It is possible, 
using XPS, to investigate the chemical state of all elements, excluding hydrogen, in a single 
experiment, giving a total analysis time per sample of about 1 to 2 h. Slight changes in the bonding 
environment of a given element results in changes in photoelectron spectra. For these reasons, XPS 
has proved itself suitable for structural examinations of C-S-H† gels. 
 
Surface composition, as determined by XPS, has been shown to be applicable for the investigation 
of the bulk structure of calcium silicates [2- 5] and calcium silicate hydrates [6- 10]. Systematic 
changes in photoelectron spectra can be related to structural changes [11- 13]. Increasing silicate 
anion polymerisation leads to increasing Si 2p binding energy [2,6,9-14], decreasing Ca 2p – Si 2p 
energy separation [2,4,6,9,10], decreasing modified Auger parameter [2,6,9,10,13] and a decreasing 
energy separation between the non-bridging and bridging oxygen atom components of the O 1s 
spectra [10,14]. 
 
We have recently used XPS to investigate fresh mechanochemically synthesised C-S-H samples 
with C/S ratios ranging from 0.4 to 1.5 [6]. The surface elemental composition was in good 
agreement with the bulk composition, and there were found to be systematic changes in 
photoelectron spectra with changes in C/S. The same samples have also been analysed using Raman 
spectroscopy, where systematic changes in the Raman spectra have been related to changes in 
silicate anion structure [15,16]. The fresh synthetic C-S-H phases were rapidly carbonated upon 
exposure to air, with the initial formation of amorphous calcium carbonate then aragonite and/or 
vaterite, together with silicate anion polymerisation [16]. The current work builds upon these earlier 
studies, using XPS to investigate the changes in silicate anion polymerisation upon ageing of 
mechanochemically prepared synthetic C-S-H phases. The surface sensitivity of XPS, with an 
information depth of about 5-10 nm, makes the technique ideally suited for investigations of surface 
phenomena. It is this capability which is exploited in this article, to look at C-S-H ageing under 
benign conditions. 
 
There are various models proposed for the structure of C-S-H, many of which are based upon 
binary solid solutions. Taylor suggested that C-S-H gel consists of a mixture of nanometer sized 
14Å-tobermorite (Ca5[H Si O2 6 18].8H O) and jennite (Ca [H Si2 9 2 6O18](OH) .6H O) domains [17,188 2 ]. 
Fujii and Kondo [19] initially considered C-S-H as a solid solution between tobermorite and 
portlandite. This was elaborated by Stade and Wieker [20] and Cong and Kirkpatrick [21], with the 
defect-tobermorite model, whereby variations in C/S ratio could be accommodated by defects in the 
tobermorite structure. The precise structure of C-S-H is system dependent [22], but a combination 
of the tobermorite-portlandite model and the tobermorite-jennite model adequately describes many 
systems, with the former being preferred in synthetic systems, and the latter in ‘real’ cement pastes. 
 
Carbonation, the process by which cement reacts with atmospheric carbon dioxide, is primarily the 
reaction between portlandite and carbonic acid to form calcite. However, decalcification of the C-S-
H can also occur [23- 26], typically once the more ready source of calcium, portlandite, has been 
exhausted. C-S-H decalcification upon carbonation leads to silicate polymerisation, with the 
ultimate product being a silica gel and calcium carbonate [23,26]. The precise nature of the silica 
                                                 
† We have used standard cement chemistry nomenclature throughout this article, where C = CaO, S 
= SiO  and H = H O. 2 2
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gel, however, is uncertain, although it is known to be highly polymerised, with a high Q3 and Q4 
content [26]. 
 
The aim of this study has been to investigate the susceptibility to carbonation of various C-S-H 
phases of different C/S ratios. The highly surface sensitive technique of x-ray photoelectron 
spectroscopy has been used to examine the interface between the C-S-H paste and its environment, 
and thus determine the extent of surface carbonation, and hopefully the nature of the carbonation 
products.  
 
2. Experimental 
2.1 Synthesis 
The nanocrystalline C-S-H phases were prepared mechanochemically, according to the method of 
Saito et al. [27] from stoichiometric mixtures of CaO (freshly prepared from CaCO3 at 1000° C for 
5 h) and SiO2 (Aerosil). Synthesis was performed using water/solid ratios of 8, with subsequent 
sample drying at 60oC using a sub-boiling system. Further details have been provided elsewhere 
[10,15]. The following samples with target C/S-ratios were synthesised: C/S= 0.4, 0.5, 0.67, 0.75, 
0.83, 1.00, 1.33 and 1.50. Subsequent thermal analysis of the samples revealed a mass loss between 
25 and 60°C of between 6 and 10 % for the samples, indicating some evidence of absorbed water in 
the samples [28]. 
 
After synthesis, and prior to analysis, the samples were stored under nitrogen in hermetically-closed 
glass vials. The first analysis was performed immediately after opening the vials and grinding the 
samples lightly with a pestle and mortar. A second set of samples were placed in plastic weighing 
boats and placed inside in a covered, not closed, desiccator for 6 months. This storage under 
ambient conditions allowed exposure to the atmosphere and air circulation, while preventing dust 
contamination. 
 
2.2 Analysis 
The powdered samples were taken from their sealed glass vials, a small amount of material pressed 
onto adhesive aluminium foil, mounted on a sample stub and introduced to the vacuum system of 
the spectrometer. The samples were analysed using an ESCA300 photoelectron spectrometer fitted 
with a high power rotating anode (8 kW) and monochromatised A1Kα (hv= 1486.7 eV) X-ray 
source. The X-ray beam is focussed onto a 6 mm x 0.5 mm region on the sample via a large, seven 
crystal, double focusing monochromator. The Al Kα line profile has a FWHM energy width of 0.26 
eV. The detection system consists of a 300mm radius hemispherical analyser and a multi-channel 
detector. The system was operated with 0.8 mm slits and a 150 eV pass energy, giving an overall 
instrument resolution of 0.30 eV. The samples were often extremely good electrical insulators. It 
was therefore necessary to use a flood gun to compensate for sample charging.  
 
Results and Discussion 
Figure 1 shows the Si 2p, O 1s and C 1s spectra of the eight samples, fresh and after storage for six 
months. The Ca 2p spectra are not shown, as they showed no change upon ageing. This is not 
unexpected, as, with the exception of the phyllosilicates, many calcium-containing compounds have 
similar binding energies [6]. The aged samples did, however, show marked changes in their Si 2p 
spectra. These changes were slight for the phases with C/S ≤ 0.75, with small shifts to higher 
binding energy, indicative of slight silicate polymerisation. The calcium-rich samples meanwhile 
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exhibited much greater spectral changes upon ageing. All of the spectra exhibited a maximum at 
103.2 eV, with there being some residual intensity at ~102 eV for the samples with C/S = 0.83 and 
1.00. This considerable shift indicates significant surface silicate anion polymerisation upon ageing, 
and a binding energy of 103.2 eV is characteristic of a highly polymerised silicate structure, e.g. 
silica [13]. This increased silicate polymerisation can also be seen when examining the O 1s 
spectra. The phases with C/S ≤ 0.75 all show subtle changes upon ageing, with a slight loss in 
intensity at ~530.5 eV, due to loss of non-bridging oxygen (NBO) atoms, i.e. the loss of Si-O-Ca 
moieties upon silicate polymerisation. Again, the changes in the spectra of the calcium-rich phases 
(C/S ≥ 0.83) were more pronounced, with almost complete loss of intensity at 530.5 eV, and 
increased intensity at higher binding energies, due to the presence of Si-O-Si, Si-O-H and 
carbonate. The presence of these species agrees with Raman analyses, where extensive carbonation 
of the most calcium-rich C-S-H phases had occurred during storage for six months, with the 
formation of highly polymerised silicates (Q4), which often comprised silanol (Si-OH) species [16]. 
 
In addition to changes associated with silicate polymerisation, ageing of the samples also led to 
changes in their C 1s spectra (Figure 1c), with the appearance of a peak at ~290 eV, indicative of a 
carbonate species.‡ Carbonation was extremely slight for the calcium-poor phases, there being a 
carbonate peak just about visible in the C 1s spectra. The phases with C/S = 0.83 and 1.00 
carbonated to a slightly greater extent, whilst the two most calcium-rich phases (C/S = 1.33 and 
1.50) carbonated to a considerable degree. Extensive carbonation of these two samples was 
unsurprising, given that the fresh samples were found to contain portlandite [10,15]. However, the 
amount of carbonate formed could not be explained simply by carbonation of the portlandite, and 
decalcification of the C-S-H also occurred. This is in agreement with the observations by Raman 
spectroscopy, where C-S-H decalcification was clearly observed [16]. The calcium-rich phases with 
C/S ratios of 1.33 and 1.50 have been found, on the basis of their portlandite contents, determined 
by thermal analysis [28] and quantitative XRD [29], to actually have C/S ratios of 1.24 and 1.27. 
That these samples were found to readily decalcify is in agreement with the findings of Chen et al. 
[30], who showed that a C/S ratio of 1.2 marked the initial point when calcium ions could be 
removed from the interlayer of C-S-H during decalcification.  
 
As well as binding energy shifts, there are other subtle spectral changes which illuminate the 
process of ageing. Photoelectrons emitted from just below a sample surface undergo inelastic 
scattering. These photoelectrons contribute to the background signal, so that subsurface elements 
present a more stepped baseline. The Ca 2p spectra of the samples with C/S = 1.50 and 1.33 show 
such an increase in the stepped background after ageing, whilst the Si 2p and O 1s spectra show no 
such steps. This seems to suggest that the silica/silanol groups reside on the outermost surface, 
whilst the calcium, as carbonate, is slightly subsurface. It should be remembered however, that the 
analysis depth is 5-10 nm, so despite the carbonate species being designated as subsurface, for 
detection it must still be present in the topmost 5-10 nm. 
 
Analysis of the fresh phases had revealed a good correlation between bulk C/S ratio and the surface 
C/S ratio as measured by XPS [10]. This was not the case for the aged samples. Figure 2a shows 
how the surface C/S, i.e. the topmost 5-10 nm measured by XPS, varies with the bulk C/S for the 
fresh and aged phases. The discrepancy between the measured and the bulk C/S ratios of the aged 
samples in particular is further evidence of the formation of a silicon-rich outer surface layer, with 
                                                 
‡ (Note, the peak at 2.84.8 eV in every spectra is due to carbon contamination from the vacuum 
systems. This peak is omnipresent in photoelectron spectra and is known as ‘adventitious carbon’ 
due to its function as in internal energy standard. This peak is slightly broader in the spectra from 
the aged samples due to the build up of contamination during the ageing of the samples). 
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the carbonate being slightly subsurface. We consider there to be two possible reasons behind this 
observation. On a compositional level, the carbonated sample may be considered as a series of 
carbonate crystals dispersed in an amorphous silica matrix. In which case, the smaller silica 
particles will be preferentially be found on the sample surface. The observation may also be 
explained structurally. Carbonation is a process which takes place in the presence of water. Whilst 
our samples have been dried, there is still structural water within the C-S-H interlayer, where 
carbonation could occur. Carbonation of the calcium-rich phases has been shown previously to 
result in formation of amorphous calcium carbonate, vaterite and hydrated silica [16]. The 
carbonate phases have higher surface energies than silica [31], especially when the silica is 
hydrated. Therefore, minimisation of surface energy would result in surface segregation with the 
silica above the carbonate.  
 
Figure 2b shows the measured C/S ratio, after subtraction of any calcium associated with carbonate. 
The phases with C/S ≤ 0.75 had decalcified slightly, leading to the slight shift in Si 2p binding 
energy seen in Figure 1. The samples with C/S = 0.83 and 1.00 had decalcified considerably, 
resulting in partial, but not complete, silicate anion polymerisation. This resulted in a shift in the Si 
2p binding energy to give maxima at 103.2 eV, but there was still some residual intensity at ~102 
eV. For the two most calcium-rich phases, decalcification was complete, and the silicon was present 
as silica and/or silanol species. The importance of this finding, that the surface C/S ratio is not the 
same as the C/S ratio of the aged C-S-H phases, is important when considering the structure of the 
aged, decalcified C-S-H phases. 
 
Figure 3 shows the variation in C/Ca ratio for the fresh and aged samples. This figure confirms that 
the aged calcium-rich phases were completely decalcified after storage for six months. 
Approximately 30 and 50% of the calcium was present as calcium carbonate in the samples with 
C/S = 0.83 and 1.00 respectively. This figure fell to between 10 and 20% for the more calcium-
depleted phases, with a minimum for C/S = 0.67. This agrees with the Raman analysis of these 
samples, where carbonation was minimal for the samples with C/S = 0.67 and 0.75 [16]. 
 
Figures 4a and b show the variation in Si 2p binding energies with C/S before and after ageing. 
Figure 4a illustrates how it was the phases with C/S ≥ 0.83 which underwent considerable change 
upon storage, with a shift in binding energy indicative of the formation of Q4 units. The calcium-
depleted phases did not appear to undergo much structural change. However, the breadth of the 
Si 2p peaks for the calcium-depleted phases were such that there was intensity at ~103 eV, 
indicating that Q4 species could have been present. This was not the case for the samples with C/S = 
0.67 and 0.75, which also underwent minimal changes upon storage but still, on the basis of their 
binding energies, did not contain any Q4 silicate species. This agrees with the observations from 
Raman spectroscopy, where Q4 species were observed for all of the phases, with the exception of 
those with C/S = 0.67 and 0.75, after storage for six months.  
 
Figure 4b shows how the Si 2p binding energies show a strong negative correlation with C/S, as has 
been demonstrated previously [6,10]. Carbonation, and the subsequent decalcification, leads to 
silicate polymerisation, to yield eventually Q4 silicates and/or silanol species. 
 
A more accurate measure of the degree of silicate polymerisation is the energy separation between 
the Si 2p and the Ca 2p3/2 peaks (ΔCa-Si). This has previously been used to follow silicate 
polymerisation upon hydration of C S [3] and C S [43 2 ], there being a decrease in energy separation 
upon hydration, i.e. silicate polymerisation. Figures 5 a and b show the variation in Δ  with C/S Ca-Si
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for the fresh and aged samples. Figure 5a illustrates clearly how the different phases behaved very 
differently, with the calcium-rich samples undergoing the greatest structural change, the dimeric 
silicate groups [15] polymerising completely to yield Q4 silicate units. The samples with C/S = 0.83 
and 1.00 polymerised considerably, but not completely. Noticeable changes were also seen in the 
structures of the samples with C/S = 0.4 and 0.5, with the formation of more highly polymerised 
silicate units. The samples with C/S = 0.67 and 0.75 did polymerise slightly, but less than any of the 
other samples, in agreement with the results obtained by Raman spectroscopy [16].  
 
Figure 5b clearly illustrates how the extent of silicate polymerisation is related to the C/S of the 
aged C-S-H. Note that the two marked data points correspond to the samples with bulk C/S ratios of 
1.33 and 1.50 which had decalcified completely to yield a mixture of silica and calcium carbonate, 
giving a somewhat artificial value for Δ . Ca-Si
 
Conclusions 
X-ray photoelectron spectroscopy has effectively been used to follow the effects of surface 
carbonation of a series of synthetic calcium silicate hydrates. Formation of calcium carbonate was 
observed on the topmost 5-10 nm of most samples, but was particularly pronounced on calcium-rich 
samples (with C/S ratios of 1.33 and 1.50). In addition to the formation of calcium carbonate, 
decalcification of the C-S-H was observed. Again, this was most pronounced for the calcium-rich 
phases, where decalcification was complete and a silica gel was formed. However, decalcification 
was also observed for the most calcium-poor phases, where there was increased silicate 
polymerisation, but some calcium remained in the C-S-H structure. C-S-H decalcification was least 
for the fresh samples with C/S = 0.67 and 0.75.  
 
There appeared to be a ‘jump’ in carbonation behaviour between C/S = 0.75 and 0.83. This is the 
point, compositionally, where there is a change in C-S-H structure. For C/S ratios of 0.67 and 0.75 
the C-S-H comprises of long dreierketten chains, with no interlayer calcium. With increasing 
calcium content there is increasing structural disorder, with the appearance of dimeric silicates and 
calcium in the interlayer, the presence of allows ready carbonation. 
 
Raman analysis of the fresh samples has revealed that the calcium-rich phases, and in particular the 
phases with C/S = 1.33 and 1.50, contained a large number of dimeric silicate anions [15]. It was 
these samples which were the most susceptible to decalcification, indicating that the silicate dimer 
is not particularly stable. Whilst silicate polymerisation upon cement hydration yields dimers, then 
ever lengthening chains, with Q3 sheets having been observed in slightly carbonated pastes, this did 
not occur with our samples. Rather, there was the direct decalcification of dimeric and chain 
silicates (depending upon the initial C/S ratio) to yield a silica gel. We assume this to be due to the 
samples being dried and then stored under ambient conditions, i.e. with no pore water present.  
 
These findings support the mechanism proposed by Chen et al. when considering decalcification 
shrinkage [32]. Decalcification leads to an excess negative charge, which may be balanced by 
protonation, and the formation of silanol (Si-OH) groups, as suggested by the O 1s spectra. 
Neighbouring silanol groups may then condense with the ejection of water, leading to a more highly 
polymerised silicate, as seen in the Si 2p spectra.  
 
Earlier analyses had shown the fresh samples to possess a tobermorite-like structure, with the 
calcium-rich phases with C/S ratios of 1.33 and 1.50 also containing portlandite. The presence of 
structural features readily susceptible to decalcification indicate considerable defects within the 
tobermorite-like structure. In this respect, the mechanochemically prepared synthetic C-S-H phases 
used in this study may be considered to possess defect-tobermorite structures, similar to the model 
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suggested by Stade and Wieker [20] and Cong and Kirkpatrick [21]. It is entirely reasonable to 
assume that mechanochemical synthesis of C-S-H phases yields tobermorite-like structures given 
Saito’s use of this method to produce tobermorite [27]. 
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List of Figure Captions 
Figure 1: Photoelectron spectra for the fresh (black) and aged (grey) C-S-H samples with C/S 0.4 
to 1.5.  
a) Si 2p 
b) O 1s. 
c) C 1s 
 
Figure 2:  Plots of surface Ca/Si, as measured by XPS, versus bulk Ca/Si for the fresh and aged C-
S-H samples.  
a) simple relationship between surface and bulk Ca/Si ratio 
b) Ca/Si ratio within the C-S-H phases versus bulk Ca/Si ratio, i.e. after correcting 
surface Ca/Si for the presence of calcium carbonate. 
 
Figure 3:  Variation in the calcium-carbonate ratio with bulk Ca/Si ratio, for the fresh and aged  
C-S-H samples. 
 
Figure 4:  Variation in Si 2p binding energy with Ca/Si for the various fresh and aged C-S-H 
samples.  
a) bulk Ca/Si 
b) surface Ca/Si (i.e. excluding carbonate). 
 
Figure 5:  Variation in Δ  with Ca/Si for the various fresh and aged C-S-H samples. Ca-Si
a) bulk Ca/Si 
b) surface Ca/Si (i.e. excluding carbonate). 
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Figure 1a 
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Figure 1b 
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Figure 1c 
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Figure 2b 
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Figure 4a 
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Figure 4b 
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Figure 5a 
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Figure 5b 
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